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The network inhomogeneity and the cooperative motion of the network chains of random cross-linked
poly(styrene-co-maleic anhydride) gels were investigated by dynamic light scattering. Measurements
were performed for gels in the preparation state as well as in the swelling equilibrium. Network inho-
mogeneities and cooperative motion were analyzed at varying the cross-linker concentration and the
polymer volume fraction. While the cross-linker concentration has only a minor influence on the
inhomogeneity and the diffusion constant Dcoop, the polymer volume fraction clearly influences both
measured properties. The concentration dependence of Dcoop can be well described by a power law, as
known for semi-dilute polymer solutions. In the preparation state the networks appear homogeneous,
exhibiting dynamic contributions to the scattering intensity of 70e90%. Swollen to equilibrium stage,
significant heterogeneities emerge, reducing the dynamic contributions to 10e20%.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Chemically cross-linked polymeric networks can be prepared
either by free-radical copolymerization of monomers and cross-
linking agents (cross-linking polymerization), or by cross-linking
pre-build polymers (polymer cross-linking or random cross-link-
ing). During the cross-linking process inhomogeneities are intro-
duced into the network [1]. As a result, the networks structure,
topologically frozen by the cross-linking, shows e.g. a spatial
heterogeneityof thenetworkdensity [2]. One characteristic of gels is
the so-called speckle pattern: the scattering intensity depends on
the sample position, usually attributed to the presence of inhomo-
geneities [3e14]. Thus, a gel canbe regarded asnon-ergodicmedium
because a time-averaged measurement at one sample position will
not, in general, be equivalent to an ensemble-averaged measure-
ment. It should be noted that nonergodicity is not related to inho-
mogeneities, but to topological restrictions of chain motion [15].

The degree of inhomogeneity is affected by the way of cross-
linking. Cross-linking polymerization usually results in highly
heterogeneous networks due to extensive cyclization and multiple
cross-linking reactions at the early stage of the reaction [16,17].
Mainly compact clusters or microgel particles are formed during
this stage, which are later connected to each other. The gel structure
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can be regarded as an assembly of these clusters tied together with
low cross-linking density. Extensive studies on inhomogeneity of
networks obtained through this route were performed using
neutron and light scattering [4,18e28].

In contrast, only few investigations were reported on polymer
cross-linked systems. Such systems can be obtained by radiation
induced process [29e31] or by chemical reaction of reactive groups
present in the polymer chain [32e34]. Comparisons of networks
obtained by monomer cross-linking and by cross-linking of semi-
dilute polymer solutions revealed that the structure of the latter
appears to be more homogeneous [11,14,35]. Recently, using small-
angle neutron scattering (SANS), it could be shown that tetra-arm
polyethylene glycol chains, cross-end coupled, yield networks
without defects [15,36,37]. Furthermore, a speckle-free gel was
reported by Ngai et al. synthesized by [2þ 2] photocycloaddition of
coumarin groups present in a poly(methyl methacrylate) polymer
[38,12].

However, it is not clear which physical quantity can be used to
define the degree of inhomogeneity out of scattering experiments.
Several aspects are usually attributed to the presence of inhomo-
geneities: a) Strong upturn in the scattering intensity at low q
region in SANS measurements [2]. b) non-uniformity of the scat-
tering intensity over the sample position (speckle pattern). Strong
fluctuations are referred to a high degree of inhomogeneity. c)
Excess scattering of gels over the scattering of polymer solutions
[39]. d) High values of the ensemble-averaged scattering. e) Strong
mean-square refractive index fluctuations [14].
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Beside this, the ratio of the dynamic fluctuations to the total
scattering intensity can also be used to reflect the extent of inho-
mogeneity [40]. Since static contributions are always present in
polymer gels, this ratio will never reach unity. Furthermore, inho-
mogeneities inherently occur in polymer gels due to the presence of
cross-links [36]. However, if the dynamic fluctuations dominate,
a homogeneous network structure seems more likely.

In this paper, inhomogeneities of random cross-linked networks
based on a poly(styrene-co-maleic anhydride) copolymer (SMA)
were studied by dynamic light scattering (DLS). Using ethylene
glycol (EG) as bi-functional cross-linker, SMA can be cross-linked by
esterification of maleic anhydride (MA) units. The influence of
polymer and cross-linker concentration on the inhomogeneity of
the resulting networks will be discussed. All gels were investigated
in the preparation state as well as in the swelling equilibrium, to
show how the swelling state influences the network heterogeneity.
It will be shown, that the ratio of the dynamic contributions to the
scattering intensity is an excellent tool to quantify the degree of
inhomogeneity.
2. Theoretical background

A single dynamic light scattering measurement provides the
time-averaged scattering intensity hI(q)iT and the intensityeinten-
sity time correlation function gT

(2)(q, t), with h.iT indicating a time-
average [3]:

gð2ÞT ðq; tÞ ¼ hIðq;0ÞIðq; tÞiT
hIðq;0Þi2T

(1)

t is the delay time and q is the scattering vector: q ¼ (4pn/l0) sin(q/
2), with n, l0 and q being the refractive index of the medium, the
vacuumwavelength of the incident beam and the scattering angle,
respectively.

gT
(2)(q, t) can be converted to the first-order electric field corre-

lation function gT
(1)(q, t), and for monodisperse samples the diffu-

sion coefficient D can be obtained from the decay rate G [41]:

gð1ÞT ðq; tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gð2ÞT ðq; tÞ � 1

q
¼ e�Gt G ¼ Dq2 (2)

for non-ergodic systems such as glasses or gels, hI(q)iT is sample
position dependent finding its expression in the so-called speckle
pattern. Two components contribute to hI(q)iT:

hIðqÞiT ¼ hIFðqÞiTþICðqÞ (3)

with hIF(q)iT being the time-average of the fluctuating component
arising from dynamic concentration fluctuations and IC(q) being the
time independent static component origin from the frozen-in
density fluctuations [42]. The separation of hI(q)iT into its two
components can be performed by the partial heterodyne approach.
hI(q)iT and gT

(2)(q, t) are measured at different sample positions. For
the short-time limit an apparent diffusion coefficient Dapp is related
to gT

(2)(q, t):

Dapp ¼ � 1
2q2

lim
t/0

ln
�
gð2ÞT ðq; tÞ � 1

�
(4)

For gels Dapp varies with sample position in the range of Dcoop/
2 < Dapp < Dcoop, with Dcoop being the cooperative diffusion coef-
ficient describing the ensemble-averaged cooperative motion of
the network chains. Dcoop and hIF(q)iT are obtained by plotting Dapp
and hI(q)iTof all measured sample positions according to Eq. (5) [2]:

hIðqÞiT
Dapp

¼ 2hIðqÞiT
Dcoop

� hIFðqÞiT
Dcoop

(5)
some studies indicate that also dynamic inhomogeneities exist in
gels that can be physically interpreted as the differences of the
molecular environment, such as local cross-linking density and
segmental concentration [13]. They become obvious for gels with
rather high cross-linking density. For the present study hIF(q)iT was
treated as being position independent.

3. Experimental section

3.1. Materials

For the gel synthesis commercially available poly(styrene-co
maleic anhydride) from SigmaeAldrich (Germany) was used. The
maleic anhydride content was determined by 1H NMR-spectros-
copy to 14 mol%. Distortionless enhancement by polarisation
transfer (DEPT)-NMR measurement verified a random distribution
of maleic anhydride and PS. Ethylene glycol and 4-(dimethylamino)
pyridine (DMAP) were purchased from Merck-Schuchardt
(Germany). Dioxane fromVWR International (Germany) was stored
over KOH and was freshly distilled before used.

3.2. Sample preparation

Poly(styrene-co-maleic anhydride) networks (PS-co-MA) were
prepared by cross-linking SMA with EG in dioxane using DMAP as
catalyst. The reaction solutions were prepared by mixing appro-
priate amounts of individual stock solutions of the reactants. Four
gel series based on different SMA concentrations were made: 7.5,
10, 12.5, and 15 wt.%. The concentration of EG was varied in stoi-
chiometric ratios of MA units to EG from 1:0.1 to 1:2, e.g. the gel
10_0.5 contains 10 wt.% SMAwith a ratio of MA to EG of 1:0.5. 2 mol
% of DMAP corresponding to the amount of MA groups were used.
To illustrate the synthetic procedure, details for the preparation of
the gel 10_0.5 are described below.

To 12.54 g of a 12 wt.% stock solution of SMA in dioxane
0.481 ml EG stock solution (c ¼ 132 g/l) and 0.459 ml DMAP stock
solution (c ¼ 11 g/l) were added and completed with 1.54 ml
dioxane so that the SMA concentrationwas adjusted to 10wt.%. The
reaction solution was filtered directly into the reaction tubes using
5 mm PTFE membrane filter (Rotilabo, Carl-Roth, Germany).

For investigations of the preparation state the reactions were
carried out in the light scattering vials (⌀ ¼ 8 mm). For measure-
ments in the swelling equilibrium gels were prepared in poly-
propylene (PP) tubes with the same diameter as the light scattering
vials. Contrary to glass tubes the samples can easily be removed out
of PP tubes. The vials and PP tubes were plugged and immersed in
a container which was filled with a low level of dioxane to avoid
solvent evaporation. The gelation reaction was carried out at 70 �C.
Reaction times vary among different samples. After macroscopic
gelation was observed (tilt test), the gels were stored for another
period of time at 70 �C, which equals the gelation time, e.g. if the
gelation occurred after 4 days the gel were left another 4 days at
70 �C.

Investigations in the preparation state were performed without
further treatment (no extraction). For experiments in the fully
swollen state the gels were removed out of the PP tubes and
swollen in dioxane for several weeks. The swelling agent was
changed several times. The swollen samples were subsequently
loaded in 18 mm test tubes.

3.3. Static light scattering

Weight average molecular weight (Mw) and radius of gyration
(Rg) of SMA were determined by static light scattering (SLS)
measurements in dioxane. The measurements were carried out at



Fig. 1. Scattering intensities of poly(styrene-co-maleic anhydride) solutions measured
at scattering angle of 90� in dependence of the polymer volume fraction.

Fig. 2. Diffusion coefficients of poly(styrene-co-maleic anhydride) solutions measured
at scattering angle of 90� in dependence of the polymer volume fraction. The solid line
corresponds to a linear fit of the data in the semi-dilute regime. The theoretical curve
as predicted by scaling theory is presented as dashed line. The dotted line indicates c*

as calculated from the scattering intensity (see Fig. 1).

F. Krahl et al. / Polymer 51 (2010) 2576e25842578
25 �C in the angular range of 20e150� using amodified FICA 50 (SLS
Systemtechnik Langen, Germany) equipped with a He/Ne-Laser
(632.8 nm) as light source. Toluene was used as calibration stan-
dard. The scattering intensities of SMA solutions of 1e5 g/l were
measured and evaluated according to Zimm. Prior to the
measurements the solutions were filtered using 0.22 mm PTFE
membrane filter (Rotilabo, Carl-Roth, Germany).

3.4. Dynamic light scattering

Dynamic Light Scattering (DLS) measurements were carried out
on commercial laser light scattering spectrometer (ALV/DLS/SLS-
5000) equipped with an ALV-5000/EPP multiple digital time
correlator and laser goniometer system ALV/CGS-8F S/N 025. A
helium-neon laser (Uniphase 1145P, output power of 22 mW and
wavelength of 632.8 nm) was used as the light source. The time-
averaged scattering intensity (hI(q)iT) and the time-averaged
intensity correlation function (g(2)(q, t) � 1) were measured at
a scattering angle of 90

�
(q ¼ 2.0 � 10�2 nm�1) at 25 �C. Therefore,

for discussion, hIiT and hIFiT were used instead of hI(q)iT and hIF(q)iT.
Ensemble averaging was performed by collecting g(2)(t)�1 and hIiT
at 100 different sample positions by rotating the test tube with
a self-made rotation unit.

Angular dependent measurements in a range of 30e120� for
exemplary samples revealed that the characteristic decay rate G is
proportional to q2. The relaxation can therefore be considered as
purely diffusive and measurements at one scattering angle are
sufficient to determine Dcoop.

4. Results and discussion

4.1. Poly(styrene-co-maleic anhydride)

Mw and Rg of SMA were determined by SLS to 1.98 � 105 g/mol
and 21 nm, respectively. Additional size exclusion chromatography
measurements gaveMw andMn of 1.94� 105 g/mol and 9.2� 104 g/
mol, respectively, yielding a polydispersity of 2.1.

Since the minimum concentration required for a network
formation is identical to the overlap concentration c*, it is of
interest to determine this value for SMA in dioxane. c* denotes the
crossover between dilute and semi-dilute solution where the
individual polymer coils start to overlap. Knowing Mw and Rg of
a polymer-solvent system, c* an be estimated [43]:

c* ¼ 3Mw

4pNA
�
Rg

�3 (6)

where NA is Avogadro’s number. For SMA used in this study Eq. (6)
results in c* of 8.5 g/l. This corresponds to a polymer volume frac-
tion of fB ¼ 7 � 10�3 (w1 wt.%).

Another way to estimate c* is to measure hIiT of SMA solutions
with different concentrations as shown in Fig. 1. With increasing
polymer concentration hIiT increases up to maximum value. The
concentration at which hIiT reaches maximum is c*. Below c*

the polymer is in dilute state and with increasing concentration the
amount of scattering centers increase, causing an increase in hIiT.
Above c*hIiT decreases with increasing concentration due to an
increase in osmotic compressibility [44]. Fig. 1 reveals an overlap
concentration of c* w 2 wt.% (fB w 0.017), which agrees well with
the value calculated with Eq. (6).

In Fig. 2 diffusion coefficients (D) of SMA solutions are plotted as
a function of polymer volume fraction. D were obtained by cumu-
lant analysis of gT

(1)(t) [45]. Below c* D slightly increases with
increasing concentration, which is typical for the dilute regime.
Since the crossover between dilute and semi-dilute state is rather
broad due to the polydispersity of the SMA copolymer, a power law
was estimated for fB > 0.017.

The increase of D above c* can be fitted by: Dw fB
awith a¼ 0.6.

For polystyrene in toluene an exponent of 0.65 was found by
several authors [46e49]. Moreover, it was shown that even for
narrowly distributed polystyrenes a is dependent on the chosen
concentration range [47]. The deviation from the theoretical pre-
dicted value (a ¼ 0.75 [50]) is explained by an increase of the
effective solvent viscosity caused by a countermotion of the solvent
induced by the motion of the polymers [46,51]. For the present
system also the solvent quality has to be taken into account.
Dioxane is not a good solvent either for pure PS ormaleic anhydride
but it acts as suitable solvent for the SMA copolymer exhibiting
a medium polarity. The non-attractive interactions with both
components may reduce the solvent quality which causes a lower
exponent of the power law.

4.2. Synthesis of PS-co-MA networks

A generalized reaction scheme of the cross-linking reaction is
given in Fig. 3. EG molecules react with MA groups of individual
polymer chains. Due to the bi-functionality of EG, each EGmolecule



Fig. 3. Generalized scheme of the cross-linking reaction of poly(styrene-co-maleic anhydride) with ethylene glycol.
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can react with a second MA group. If the second MA group belongs
to another polymer chain, two chains are connected and a cross-
link point is formed. During the reaction branched molecules of
increasing molecular weight and size are formed, which are inter-
connected to a continuous network at the gel point. A detailed
characterization of the cross-linking intermediates in dependence
of the polymer and cross-linker concentration can be found in
a separate publication [52].

Samples that did not show macroscopic gelation after 2 weeks
were not analyzed. The lowest SMA concentration at which
networks were obtained was 7.5 wt.%, which is far above c* of 2 wt.
%. Since the cross-linking reaction proceeds very slowly, solutions
with lower SMA concentrations may have turned into networks
after longer reaction times. Furthermore, the samples 7.5_0.1,
7.5_0.25, and 10_0.1 did not cross-link after 2 weeks due to the low
cross-linker concentration. All other samples turned into trans-
parent networks with gel contents in the range of 80e95%.

The volume swelling ratios QV of the networks were calculated
according to Eq. (7), where rA and rB are the densities of the
swelling agent and the network, respectively. For rB the density of
SMA was used (rB ¼ 1.27 g/cm3).

QV ¼ 1þ ðQm � 1ÞrB
rA

(7)

Qm is the mass related swelling ratio which was determined by
weighting disk-shaped gel samples in the swollen state (msw) and
after drying (mdry).

Qm ¼ msw

mdry
(8)

In Fig. 4 QV is plotted as a function of polymer volume fraction
after synthesis (fB, 0) and cross-linker ratio. With increasing
polymer concentration QV decreases, indicating an increase of
cross-linking density. This behavior is also observed in monomer-
cross-linked systems [9]. The ratio of MA to EG has no significant
influence on QV. Only very low EG concentrations lead to an
A

Fig. 4. Volume swelling ratio as function of the polymer volum
increase of QV because less cross-links are formed, resulting in low
cross-linking densities. If an excess of EG is used a slight increase
of QV could be expected. At high EG concentrations less EG
molecules are able to form effective cross-links. More likely, after
addition to one MA group, the second OH functionality remains
unreacted on the polymer chain. Therefore, the cross-linking
density decreases. To verify this assumption uniaxial compression
measurements were performed on exemplary gels (not shown).
They confirmed decreasing cross-linking densities for gels made
with EG excess.

A comparison of the polymer volume fraction in the swelling
equilibrium (fB¼ 1/QV) with fB, 0 revealed that the gels do not swell
much after synthesis. Calculated ratios of fB/fB, 0 indicates that the
polymer concentration at preparation determines the degree of
swelling. fB/fB, 0 is in the range of 1.2e2 for most gels (see Table 1).
4.3. Cooperative diffusion coefficients

Fig. 5 shows Dcoop as a function of polymer volume fraction (A)
and cross-linker ratio (B) of the PS-co-MA networks in the prepa-
ration state. The concentration dependence of Dcoop in the studied
range can be described by a scaling law: Dcoop w fB

0.72. Even though
a discussion on power law behavior in the narrow concentration
range is not meaningful, the differences between solutions and gels
can be qualitatively discussed. For the uncross-linked SMA solu-
tions an exponent of 0.60 is observed. Since the exponent repre-
sents the solvent quality one may speculate, that the cross-linking
of SMA with EG leads to an increase of the solvent-polymer inter-
actions. A reason for this can be found in the chemical nature before
and after cross-linking. Polar groups are introduced during the
reaction, leading to an enhanced polarity of the network. The
interactions with the solvent are therefore enhanced as well. This
assumption could be confirmed by an estimation of the solubility
parameters [53e55].

However, Dcoop is reduced during cross-linking. In comparison
to the SMA solutions an average decrease of Dcoop of about 58%
B

e fraction after synthesis (A) and the cross-linker ratio (B).



Table 1
Ratio of the polymer volume fraction of the swelling equilibrium fB to that of the
preparation state fB, 0.

sample fB
fB;0

sample fB
fB;0

7.5_0.1 a 12.5_0.1 3.3
7.5_0.25 a 12.5_0.25 2.1
7.5_0.5 2.1 12.5_0.5 1.6
7.5_0.75 1.8 12.5_0.75 1.4
7.5_1 1.5 12.5_1 1.4
7.5_1.5 1.6 12.5_1.5 1.4
7.5_2 1.7 12.5_2 1.5
10_0.1 a 15_0.1 4.0
10_0.25 1.9 15_0.25 1.6
10_0.5 1.6 15_0.5 1.4
10_0.75 1.5 15_0.75 1.3
10_1 1.4 15_1 1.2
10_1.5 1.4 15_1.5 1.3
10_2 1.5 15_2 1.4

a no gels were obtained.
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takes place. This corresponds to an increase of the correlation
length x (Dcoop w x�1). It was expected that x will not change
significantly during the cross-linking since the correlation length of
the semi-dilute SMA solutions will correspond to the mesh size of
the networks. But, as already discussed, the reaction of SMA with
EG molecules leads to an increase of the solventepolymer inter-
action resulting in an expansion of the SMA chains. Furthermore,
the introduction of permanent cross-links decreases the osmotic
pressure P [32]. The scaling relationship between P and x

(P w xe3) [50] results in an increase of x. The reduction of Dcoop
therefore origins from the increased polymer-solvent interactions
and the osmotic pressure changes during cross-linking. Similar
results were obtained for cross-linked PS chains [32].

The cross-linker concentration has no influence on Dcoop as can
be seen in Fig. 5, B. The cooperative motion therefore is mainly
defined by the dynamics of the corresponding polymer solutions. In
contrast, Liu and Oppermann reported on increasing Dcoop with
increasing cross-linker concentration. Their networks consisted of
modified PS chains cross-linked by therephtaldialdehyde [14]. The
cross-linking could be achieved with lower polymer and cross-
linker concentrations compared to the PS-co-MA system (approx.
1e5 wt.% polymer concentration and a cross-linker ratio of
1:1e1:7). The cross-linking reaction was carried out for several
days but no specific reaction time was given. Most likely, due to
different reaction kinetics, a cross-linking could be achieved at
significant lower polymer concentrations. Contrary to the present
system, an increase of the cross-linker concentration resulted in an
A

Fig. 5. Cooperative diffusion coefficients Dcoop measured in the preparation state as a functio
solutions were taken from Fig. 2. Dotted lines are drawn as guide to the eye. Dashed line was
Dcoop w fB

0.60.
increase of the cross-linking density. The additional cross-linksmay
result in higher restoring forces and thus higher diffusion coeffi-
cients. However, in monomer cross-linked systems, Dcoop also only
show a week dependence on the cross-linker concentration [6,8].

After investigations of the preparation state the gels were
swollen to equilibrium and measured again by DLS (Fig. 6). During
swelling, the Dcoop are reduced which can be attributed to an
increase of themesh size. The decrease ofDcoop is more pronounced
for gels with a higher ratio of fB/fB, 0 (see Table 1). If fB/fB, 0 is
smaller, Dcoop is only slightly reduced because the mesh size does
not change much upon swelling.

The scaling of Dcoop with the polymer concentration in the
swollen state is similar to that of the preparation state. However,
a power law of Dcoop w fB

0.96 can be fitted for the whole concen-
tration range. Neglecting the values at high concentrations an
exponent of 0.77 is obtained. Since the differences of fB and fB, 0 for
this samples are very small, some inaccuracy has to be taken into
account. Furthermore, because of the narrow concentration range,
a quantitative discussion of power law changes is not meaningful. A
linear increase of Dcoop with increasing polymer concentration is
observed as typical for semi-dilute polymer solutions. The scaling
can be roughly considered as the same as in the preparation state.

Similar to the preparation state the cross-linker concentration
has no significant influence on Dcoop in the swollen state. A
maximum can be observed for all networks made with a cross-
linker ratio of MA to EG of 1:1. For increasing polymer concentra-
tions this maximum becomes more pronounced. Gels made with
a cross-linker ratio of 1:1 exhibit the lowest volume changes by
going from preparation state to swelling equilibrium. The low
expansion causes only a slight increase of the mesh size. Networks
made with higher or lower cross-linker concentration show higher
volume changes and therefore a more distinct increase of the mesh
size. The maximum in the curves represents the differences of the
relative changes of the mesh sizes.
4.4. Network inhomogeneities

DLS experiments were performed at different sample positions
to evaluate Dcoop and hIFiT. On each sample position hIiT was
measured. An averaging over all sample position gives the
ensemble-average scattering intensity hIiE which is often referred
as quantity for inhomogeneities [2]. However, homogeneous
ergodic microgel dispersions showed even higher hIiE values as
their corresponding hybrid gels [40]. Therefore, the ratio of hIFiT to
hIiE is more likely to reflect the extent of inhomogeneity of a given
system, not the value of hIiE alone.
B

n of the polymer volume fraction (A) and the cross-linker ratio (B). In (A): Data for SMA
plotted according to Dcoop w fB

0.75. Solid lines are plottet according to Dcoop w fB
0.72 and



A B

Fig. 6. Cooperative diffusion coefficients Dcoop measured in the fully swollen state as a function of the polymer volume fraction (A) and the cross-linker ratio (B). In (A): Data for
SMA solutions were taken from Fig. 2. Solid lines were plottet according to Dcoop w fB

a, a ¼ 0.60, 0.75, 0.77. Data obtained for the preparation state are added as line graph
(Dcoop w fB

0.72). In (B): filled and open symbols correspond to swollen and preparation state, respectively.
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4.4.1. Preparation state
Fig. 7 shows hIiE and hIFiT as a function of polymer concentration

for gels in the preparation state. Also included are the intensity data
for the corresponding polymer solutions hIisol.

hIFiT decreases with increasing polymer concentration over the
entire range. The concentration dependence of hIFiT can be roughly
regarded as independent on the cross-linker ratio, since it can be
described by one function. Both cross-linker and polymer concen-
tration dependence of hIFiT are in agreement with the results
obtained by Liu and Oppermann [14]. The dynamic fluctuations are
only influenced by the polymer concentration representing the
dynamics of the corresponding SMA solutions.

With increasing polymer concentration the difference between
hIFiT and hIisol becomes more pronounced. Since the solvent quality
is changed during the cross-linking reaction as discussed in Sec. 4.3,
hIFiT can not be expected to exhibit the same values as hIisol, but the
stronger decrease of hIFiT may indicate that concentration fluctua-
tions are suppressed at high fB.

With increasing polymer volume fraction up to 0.105 (12.5 wt.%)
hIiE decrease. In comparison to hIisol, hIiE is only slightly increased.
For the highest cross-linker concentration (EG 2) hIiE even equals
hIisol, indicating that for polymer concentrations � 12 wt.% no
distinct static component is present in the networks. However, as
mentioned above, due to changes of the solvent quality this
conclusion can not be drawn out of a comparison of hIiE to hIisol. In
fact, only the relation of hIFiT to hIiE contains information about the
Fig. 7. Ensemble-average scattering intensity hIiE and fluctuating component of the
scattering intensity hIFiT of PS-co-MA networks in the preparation state as functions of
the polymer volume fraction. Filled symbols: hIFiT, open symbols: hIiE.
extent of the static structure. Going to higher concentrations hIiE
rises while hIFiT decreases indicating that additional scattering
contributes to hIiE.

This effect can be discussed in more detail by plotting the
contribution of the dynamic fluctuations to the ensemble scattering
intensity ðhIFiT=hIiEÞ as a function of the polymer concentration as
shown in Fig. 8. At the highest polymer concentration dynamic
fluctuations contribute less than 50% to the scattering intensity,
indicating that more than 50% origin from static contributions. Gels
made with lower polymer concentrations exhibit ratios of hIFiT to
hIiE in the range of 50e90%, which decrease with increasing poly-
mer concentration. It can be concluded that the cross-linking cau-
ses a slight increase of hIiE due to the introduction of cross-links and
that hIFiT decreases because of some restrictions of the dynamic
fluctuation due to that cross-links.

Theoretically, homogeneous networks will always exhibit hIFiT/
hIiE values smaller than unity because cross-links are present in the
structure even if they are homogeneously distributed. A higher
cross-linking density should therefore result in smaller ratios
because the static component is increased. For the present system
the cross-linking density increases with increasing polymer
concentration, as could be concluded out of the swelling ratios and
uniaxial compression tests. By increasing the polymer concentra-
tion from 7.5 wt.% to 10 wt.% QV decreases significantly (see Fig. 4)
while hIFiT/hIiE decreases only slightly. Even when more cross-links
are present, the dynamic contribution did not change significantly.
This means, that the cross-links are distributed homogeneously in
Fig. 8. Ratio of hIFiT to hIiE of PS-co-MA networks in the preparation state as function of
the polymer volume fraction.



Fig. 9. Fluctuating component of the scattering intensity hIFiT of PS-co-MA networks in
the preparation state (filled symbols) and the swelling equilibrium (open symbols) as
function of the polymer volume fraction. Data for SMA solutions were taken from Fig. 1.

Fig. 10. Ensemble-average scattering intensity hIiE of PS-co-MA networks in the
preparation state (filled symbols) and the swelling equilibrium (open symbols) as
function of the polymer volume fraction. Data for SMA solutions were taken from Fig. 1.
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the network and the concentration fluctuation is not restricted due
to local areas of high cross-linking density. Therefore, PS-co-MA
networks made with low SMA concentrations can be considered as
fairly homogeneous. The strong reduction of hIFiT/hIiE at high SMA
concentrations indicates that frozen inhomogeneities are intro-
duced into the network because more than 50% of static contri-
bution can not be attributed to the increased cross-linking density
alone. The reason can be found in the limited diffusion of EG
molecules at high polymer concentrations which led to the incor-
poration of highly cross-linked clusters into the network structure.

Liu and Oppermann observed increasing hIiE values with
increasing polymer concentration [14]. In their study, the highest
polymer concentration was still below the lowest one in the
present study. Therefore, a direct comparison is not possible.
However, hIiE of their gels reached a plateau value at the highest
polymer concentration. One may speculate, that a further increase
of the polymer concentration would result in a decrease of hIiE, as
observed for the PS-co-MA networks. hIFiT/hIiE decreased with
increasing polymer concentration, which must be attributed to the
significant lower concentration range.

The influence of the cross-linker concentration on hIFiT, hIiE and
the ratio of hIFiT to hIiE will not be shown graphically because most
information can be derived from Figs. 7 and 8. Increasing the cross-
linker concentration usually leads to an increase of the cross-link-
ing density. For the PS-co-MA gels this can be observed up to a ratio
of MA to EG of 1:0.5. A further increase of EG concentrations results
in less dense networks as discussed in Sec. 4.2. hIiE is affected by the
cross-linking density and increases up to MA:EG of 1:0:5. At higher
cross-linker concentrations hIiE decreases. hIiE can therefore be
related to the amount of cross-links.

hIFiT is not affected by the cross-linker concentration. The
dynamic fluctuations are solely determined by the polymer
concentration. hIFiT/hIiE is mainly characterized by the maximum of
hIiE for gels with the highest cross-linking density but the influence
is not significant.

Out of the results of the preparation state one can conclude that
random cross-linking of SMA solutions can lead to homogeneous
networks as long as the polymer concentration is below 12 wt.%
and an excess of EG is used. At higher SMA concentrations
heterogeneities are introduced during cross-linking. The concen-
tration fluctuations are predominantly determined by the
dynamics of the network chains, which are similar to those in the
corresponding polymer solution.

4.4.2. Swollen state
During the swelling process one would expect a decrease of the

scattering intensity due to the dilution of the network and the
reduction of the scattering elements. Experimental results did not
support this assumption. The scattering intensity in general
increases by going to swelling equilibrium [9,56]. An explanation of
this phenomenon was given by the model of frozen blobs [57]. A
frozen blob is formed by introducing chemical neighbor junctions
(domains of high cross-linking density). In the preparation state
one can not distinguish between domains of high and low cross-
linking density since the gel is characterized by the concentration
of the corresponding polymer solution. Therefore, in the prepara-
tion state the network inhomogeneities are hidden by the neigh-
boring networks chains and the gels appear homogeneous. When
swelling, it will be difficult to move the cross-links of a frozen blob
apart from each other. In contrast, domains of low cross-linking
density swell much more and the inhomogeneity becomes
pronounced. Therefore, the PS-co-MA networks were swollen to
equilibrium and analyzed again by dynamic light scattering.

As can be seen in Fig. 9 hIFiT increased upon swelling following
the trend of the SMA solutions. The concentration dependence can
be described by one function independent on the cross-linker
concentration. This proves that hIFiT indeed represents the dynamic
fluctuations of the networks chains which corresponds to the
behavior of semi-dilute solutions. For some samples hIFiT values
that are higher than hIisol are obtained. This will not be discussed
physically, since it may be attributed to an overestimation of hIFiT in
the extrapolation (Eq. (5)) due to some limited accuracy of the
evaluation.

hIiE markedly increased upon swelling (Fig. 10). Remembering
that the volume change of the PS-co-MA is not very pronounced
(see Table 1), it is astonishing that hIiE at least doubled for all
networks. hIiE decreases with increasing polymer concentration
showing semi-dilute behavior. In comparison to hIisol of the corre-
sponding SMA solution, hIiE is much higher. Since hIFiT only slightly
increased upon swelling, representing very well hIisol (Fig. 9), the
increase of hIiE has to be attributed to an increase of the static
component and therefore to an increase of the inhomogeneity.

Fig. 11 clearly supports this assumption. The dynamic contri-
bution to the ensemble scattering intensity is drastically reduced
upon swelling, to only 10e20%. hIiE is mainly affected by a strong
static component arising from the network heterogeneity. It can be
concluded that a gel prepared by random-cross-linking of long



Fig. 11. Ratio of hIFiT to hIiE of PS-co-MA networks in the preparation state (filled
symbols) and the swelling equilibrium (open symbols) as function of the polymer
volume fraction.
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chains exhibit large scale fractal heterogeneities when swollen to
equilibrium, even when the reaction has been stopped far beyond
the gel point. This results from a natural fluctuation of the cross-
linking density always occurring in the reaction bath.

Out of Figs. 9e11 one can see that the cross-linker concentration
has no influence on the heterogeneity. In general, for monomer
cross-linked systems, an increase of the heterogeneity is observed
with increasing cross-linker concentration due to an increase of the
cross-linking density [8,26]. For the PS-co-MA networks the cross-
linking density only slightly varies with the cross-linker concen-
tration resulting in a weak influence on the heterogeneity.

The results of the swelling equilibrium show that the concen-
trations dependence of hIiE, hIFiT and hIFiT/hIiE can be described by
master curves. This strongly indicates that random cross-linked
networks exhibit self-similar structures with respect to the poly-
mer concentration [36]. The analysis of structural formations
during the cross-linking reaction was published elsewhere [52].

5. Conclusions

Networks based on poly(styrene-co-maleic anhydride) and
ethylene glycol were synthesized by random cross-linking of semi-
dilute solutions. The cooperative diffusion and the network inho-
mogeneities were investigated by dynamic light scattering of the
gels in the preparation state as well as in the swelling equilibrium.
Influences of the cross-linker concentration and the polymer
volume fraction on the gel characteristics were analyzed.

The polymer concentration dependence of the cooperative
diffusion coefficients Dcoop can be described by a power law as
typical for semi-dilute polymer solutions: Dcoop w 4B

a with a being
0.72 and 0.77 for the preparation state and the swelling equilib-
rium, respectively. In comparison to the uncross-linked poly
(styrene-co-maleic anhydride) solutions (a ¼ 0.60) awas increased
due to increased solvent-polymer interactions in the networks. The
cross-linker concentration has no influence on the cooperative
motion.

The heterogeneity of the networks could be characterized in
terms of the ensemble-averaged scattering intensity hIiE, the fluc-
tuating component of the scattering intensity hIFiT and the ratio of
hIFiT to hIiE. In the preparation state as well as in the swelling
equilibrium hIFiT resembles very much the scattering intensity of
the corresponding polymer solutions. The thermal concentration
fluctuations remain in the system after cross-linking and are solely
determined by the polymer volume fraction.
Additional to the dynamic component, hIiE also includes static
contributions. In the preparation state the static component of hIiE
is not very pronounced and particularly, networks made with low
polymer concentration, appear homogeneous. The situation
changed after swelling the gels to equilibrium. hIiE drastically
increased while decreasing the dynamic contributions to 10e20%.
This can be directly attributed to large inhomogeneities present in
the gel structure. Therefore, the strategy of synthesizing homoge-
neous gels by applying random cross-linking is not applicable.

The cross-linker concentration has only minor influence on the
inhomogeneity. Moreover, in the swollen state hIiE, hIFiT and hIFiT/
hIiE are functions of the polymer concentration, independent of the
cross-linker amount, showing that scaling laws may be transferred
onto networks.
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